A comprehensive, joint Soviet-American study of the chemistry of Lake Baikal, the world's deepest (1,632 m) lake, was carried out in July 1988. In this paper, we report the major, minor, and preliminary trace element concentrations for three profiles obtained at or near the deepest and central part of the three major basins of the lake. With the exception of Ba, the distributions of major and minor elements were homogeneous, displaying no variations greater than analytical uncertainties. Average concentrations in pmol kg-I (1 SD) are titration alkalinity = 1,093(6), SOd2-= 57.4(1.3), Cl = 12.3(0.7), Ca = 402(7), Mg = 126(l), Na = 155(4), and K = 24.1( 1 .O); and in nmol kg-' are Sr = 1,350(30), Li = 296(12), Ba = 74.7(2.6), Rb = 7.10(0.23), and U = 1.77(0.12). Excluding K and Cl, these values compare favorably with previously published results. Although some hydrothermal activity is known to occur within the lake, it does not appear to significantly affect major ion cycling. The residence times of the major ions are 330 yr or the same as that of water in the basin and so are controlled predominantly by their riverine fluxes. There is not yet enough information to assess whether hydrothermal processes affect minor element cycles. Ba concentrations decrease with depth, showing abrupt decreases near the bottom at two stations. It appears to undergo some form of uptake at the sediments, but further study is required to discern the processes governing Ba distribution. Lake Baikal, located in an intracontinental rift zone in the central region of southern I Present address: Centre National D'Etudes Spatiales,
Siberia, is the world's deepest (1,632 m, Weiss et al. 199 1) and most voluminous lake (23,000 km3, Kozhov 1963) . The Baikal tectonic depression is believed to have formed as early as the Paleozoic with the three lacustrine basins merging to their present configuration in the late Tertiary (-60 Ma, Kozhov 1963) . Having the lonthe Soviet Union was provided by Goskomgidronet through the assistance of V. Koropalov and his staff from the Institute of Applied Geophysics in Moscow, and by the Siberian Branch of the USSR Academy of Sciences, with the help of M. Grachev and Y. Kusner of the Limnological Institute at Irkutsk.
Funding for U.S. participation in the fieldwork and for sample collection was provided by the U.S. National Science Foundation. Funding for the analytical work was obtained by various means. 414 Falkner et al. gest continual existence of any lake now on earth, Baikal has evolved a rich endemic flora and fauna that have been the subjects of scientific study for more than a century. The past few decades have witnessed the installation of a large paper mill near the southern end of the lake and the completion of the Baikal-Amur line of the trans-siberian railway along its northern reaches. The expansion of such activities on its shores and in the drainage basin of its tributaries has heightened concern about preservation of this unique ecological setting. With regard for this problem, a joint Soviet-American physical and geochemical study of Lake Baikal was carried out in July 1988 under the auspices of the Working Group 8 Bilateral Agreement for the Protection of the Environment with the support of the Institute of Limnology at Irkutsk.
Fundamental to assessing its biochemical state, a primary aim of this initial study was to use oceanographic techniques to constrain the time scale of physical mixing in the lake. Continuous conductivity, temperature, and transmissivity profiles along with discrete water samples for measurements of dissolved 02, nutrients, fluorocarbon-12, 3H, 3He, 4He, total inorganic C, 13C, and suspended particulate material were obtained for this purpose and will be presented elsewhere (see Weiss et al. 199 1) . On the basis of high oxygen concentrations throughout the water column and other hydrologic observations, Lake Baikal has been presumed to be dimictic with the entire water column turning over twice annually as the sur&ce waters reach the temperature of maximal density (e.g. see Votintsev 1985) . The tracer studies showed that as a consequence of its great depth, complete renewal takes -8 yr. This long renewal time has important implications for nutrient cycling within the lake as discussed by Weiss et al. (199 1) .
A second principal goal of this study was to characterize the chemistry of the lake as a baseline for examining future anthropogenic perturbations. In addition, the lake is situated in a seismically active rift zone that displays particularly high heat flows in its northern region, including the northern end of the lake. Observations of temperature anomalies in the water column in this region (Golubev 1978 (Golubev , 1984 and the nearby occurrence of numerous land-based, sulfidebearing, hot (40"-90°C) springs (Plyusnin et al. 1979 ) have been used to infer the presence of hot springs in the lake. Thus a further intention was to determine whether hydrothermal activity affects the chemistry of the lake. Toward these aims, water samples for alkalinity and major and minor elements were collected; the results are the subject of this report.
Sample collection and storage
Sample bottles (500 ml, linear polyethylene) were precleaned by sequential 0.2 N HCl and distilled, deionized water (DDW) leachings overnight at 60°C, followed by rinsing with DDW and drying in a laminar flow bench. In July 1988 three profiles were obtained at or near the deepest part of each of the three major basins of the lake (Fig.   1 ) from the RV Vereshchagin with 5-liter Niskin bottles, equipped with epoxy-coated internal springs, neoprene (Buna-N) rubber o-rings, and reversing thermom-eters, mounted on a steel hydrowire. After fluorocarbon-12, helium/tritium, C02, and 0, samples were taken, unfiltered water samples were drawn directly into the sample 415 bottles, which were covered with clean plasinternally consistent within an analytical tic bags and shipped to the laboratory. uncertainty of 4%. Upon their arrival in the laboratory, -1 month after collection, aliquots of the samples were withdrawn for alkalinity and major ion analyses. Two months after collection, the samples were filtered for minor element analyses through 0.4-pm Nuclepore filters that had been leached in 0.2 N HCl into 0.2 N HCl-leached polyethylene bottles. The samples were acidified 1 week after filtration with 1.5 ml of 6 N HCl that had been three times distilled in a Vycor still.
Analytical methods
The analytical uncertainties reported here are based on the relative standard deviation of replicate analyses at the reported concentration levels. Titration alkalinities were determined by a potentiometric method with an uncertainty of -1% (Edmond 1970) . The major anions, Cl-and SOd2-, were measured by ion chromatography to +5%. The major cations Ca, Mg, Na, and K were determined by flame atomic absorption spectrophotometry (FAAS) with estimated errors of 1, 1, 3, and 2%. K (+ 5%), Sr (-t 2%), and Rb (+ 5%) concentrations for one of the samples were determined by isotope-dilution, thermal-ionization mass spectrometry (ID-TIMS) after separation by ion exchange. The isotopic composition of Sr was also determined with the 87Sr : 86Sr ratio normalized to an Eimer & Amend standard value of 0.708 and the 86Sr: 88Sr ratio of 0.1194.
Ba and U were also determined by isotope dilution with a 135Ba spike used for the GEOSECS expedition and a 235U spike provided by Oak Ridge National Laboratory. Values were normalized to calibrated gravimetric Ba and U standard solutions made from high-purity BaC03 and u308 obtained from SPEX Industries. Analytical uncertainties are estimated to be 2 and 7% for Ba and U. Sr and Rb concentrations were determined on unspiked samples with an uncertainity of -4%, using natural Ba as a virtual isotopic spike and normalizing to a gravimetric monitor solution containing known amounts Ba, Sr, and Rb.
As a preliminary effort, a few samples were also analyzed for trace (<nm01 kg-') elements. Cs was determined by ion exchange and ID-TIM& Ge by hydride generation and graphite furnace atomic absorption spectrophotometry (GFAAS, Andreae and Froelich 198 1); Al by evaporative preconcentration and GFAAS; Cu, Ni, and Cd by Preconcentration of Na-bis(2-hydroxyethyl) dithiocarbamate complexes onto XAD-4 resin and GFAAS (Van Geen and Boyle 1990); and Be by electron capture detection gas chromatography (Measures and Edmond 19863) . Analytical uncertainties are estimated to be -10%.
Results
Minor elements were analyzed by inductively coupled plasma quadrupole mass spectrometry via a VG Plasmaquad with conventional sample introduction by peristaltic pumping through a concentric Meinhard nebulizer. Li was determined by isotope dilution with a 6Li spike provided by Oak Ridge National Laboratory.
Values were normalized to a gravimetric Li standard solution made from a Li,CO, salt presumed to have a natural isotopic composition of 7.42% 6Li, 92.58% 7Li. Li does display significant natural isotopic variations so the data set may be somewhat offset from the true values, however, they are During the early phase of this work, it became apparent that the major ions (Table  1) did not display significant variability within the lake and so not all samples were analyzed for every major species. Standard deviations of the averages (Table 1 ) are in fact comparable to analytical precisions. A few data points fell significantly outside the standard deviation of the average values and were excluded from the standard deviation estimates. Such values occurred randomly in the large data set and hence are attributed to sample handling or processing error rather than environmental features. No significant species appears to be missing from the major ion analyses since the charge balance of individual samples for which all species were determined show no consistent offset and fall well within analytical uncertainties. The data permit precise determination of a weight-based salinity for Lake Baikal water of 0.0963 -10.0006%, required for proper application of the equation of state for freshwater (Chen and Miller0 1986) .
Sr, Li, Rb, and U show no depth trends outside of analytical uncertainties (Table 2) . Ba, however, appears to decrease gradually with depth with near-bottom samples at stations 7 and 17 showing more abrupt depletions (Fig. 2) . Trace-element results, presented in Table 3 , are considered to be preliminary due to the delay between collection of the samples and their filtration and acidification.
Although the values are probably of the correct magnitude, detailed profiles from samples filtered and acidified upon collection will need to be obtained along with hydrographic properties in a follow-up effort to better assess the sampling procedure.
Discussion
Allowing for reasonable estimates of analytical uncertainties in older data, we find that previously published major ion concentrations for the lake are for the most part comparable to the ones presented here (Table 4). Historical Cl-and K values, however, generally exceed ours by at least a factor of two (Kozhov 1963; Votintsev 1961) . Independent determination of K by ID-TIMS confirmed our FAAS results. Previous data may have been compromised by Na interference in the gravimetric determination of K. Earlier Cl-values range widely and hence are suspect. These problems as well as larger analytical uncertainties are probably the source of the greater degree of charge imbalance displayed in earlier data sets.
As reported previously (Kozhov 1963), the total mineral content of the lake is relatively low, with its major ion composition dominated by Ca+2 and HC03-. Its rivers and streams generally share a similar composition, although they carry higher levels of Si, which is removed within the lake by biological activity (Votintsev 1985) . Although the geological terrain surrounding the lake is quite complex, the chemistries of its tributaries are thought to be controlled predominantly by the weathering of marble and other carbonates among the metamorphic Archean and Proterozoic rocks found in the mountains bordering the lake (Kozhov 1963; Votintsev 1985) .
The lack of variability in the major ion composition of the lake would suggest that the lake is well mixed with respect to the residence times of the major ions in it. The residence times of the major ions for which inflowing river concentrations are available were calculated with the averaged water 418 Falkner et al. budget for the years 190 l-l 95 5 (Table 5 ) (Afanyasev 1960). The results (Table 6) show that with the exception of Cl-, the residence time of the major ions is about 330 yr or about the same as the residence time of water in the lake (Table 5 ). Thus to a first, approximation the fluxes of the major ions must be dominated by riverine transport. As Cl-would be expected to behave conservatively in a lacustrine environment, its anomalously low residence time probably reflects an overestimate of the Cl-concentration for the tributaries, consistent with the historical overestimates of Cl-in the lake water. Given a mixing time of -10 yr (Weiss et al. 1991) , the major ions undergo on the order of 30 mixing cycles during their residence in the lake, and so it is not surprising that their concentrations are quite uniform.
Two years after our expedition, clear, warm water (16°C) seeps at 4 10 m at Frol&ha Bay in the northeastern end of the lake were observed directly from a Pisces sub- (7) 55 (5) 27(8) 130 (13) 48 (8) 'Q (4) 93 (18) 48 (8) 66(14) 3.1(0. mersible (K. Crane pers. comm.). The area is at the foot of an east-west trending fault that had extremely high heat flows. Unlike sediment-hosted oceanic hot springs, no chimneylike structures were observed, which suggests that these fluids do not carry large amounts of reduced sulfur or other mmeralforming elements into the lake.
Although the chemistry of the warm fluids has yet to be directly characterized, hydrothermal discharge does not appear to be significant enough to affect the budgets of the major ions on the 300-yr time-scale of water renewal by rivers. The one 87Sr : Vr ratio we measured, 0.7085 1 +O.OOOlO (sta. 7,82 1 m), is lower than typical granitic continental values but falls within the range of values representing the weathering terrain surrounding the Baikal rift zone (Plyusnin et al. 1979 ) and so does not necessarily in- dicate hydrothermal activity. The atom ratio of Ge : Si in the few samples analyzed (0.72-l. 1 x 10-6) is close to the continental weathering ratio (0.3-l .2 X 10m6, Mortlock and Froelich 1987) and much lower than values observed for midocean hot springs and basalts (27 X 10-6, Mortlock and Froelich 1986) . If the warm springs contribute significantly to the budget of the minor elements, their signals are dissipated in the water column such that no anomalies in the vertical profiles are observed at our northern basin station 24-closest to the warm-spring site.
The pH of the lake water is generally 7. l-7.2, although photosynthetic activity results in a larger range (7.1-8.6) in surface waters (Kozhov 1963) . Thermodynamic calculations with the EQ3nr computer code (Wolery 1983) show that except occasionally, when the pH exceeds 9 in surface waters, the lake is everywhere undersaturated with respect to calcite and aragonite. Consistent with the thermodynamic predictions, such phases generally are not preserved in deep lake sediments (Kozhov 1963) . On the other hand, the lake is also undersaturated with respect to amorphous silica, but siliceous organisms such as sponges and diatoms are abundantly preserved in the sediments, on average constituting -20% of the sediment mass (Kozhov 1963) . As occurs in the oceans (DeMaster 198 l), high production rates and kinetic inhibition must slow dissolution sufficiently to ensure preservation. Although Lake Baikal is a net sink for silica and as a result, probably also for the chemically analogous, inorganic Ge (Froelich et al. 1985) , it does not affect the major ions because they are not associated with biogenically precipitated silica to any appreciable extent.
Our Li results agree with recently reported values, although previous Ba values are -30% lower than our determinations (Table 4). We could locate neither literature values for Sr, Rb, or U in Lake Baikal nor information concerning the fluxes of the minor elements reported here. With the exception of Ba, the homogeneous distributions of the minor elements suggest that they reside in the lake on the time scale of at least several mixing cycles or a few decades. The U concentrations (1.8 nmol kg-l) are about an eighth of seawater concentrations and similar to levels in other oxic freshwaters including surface waters of Lake Tanganyika (1.5 nmol kg-l), another intracontinental rift lake (K. Falkner and J. Edmond unpubl.), and global river waters (M. Palmer and J. Edmond unpubl.).
Our preliminary trace-metal results can be compared to those reported by Beim (1988) for dissolved metal concentrations in southern Baikal waters in Table 3 . Cu and Ni concentrations exceed ours by a factor of 2-3. In our samples, these trace elements may have adsorbed onto the container walls between sample collection and filtration, so our concentrations may represent lower limits. Zn and Al levels grossly exceed our results and are undoubtedly attributable to contamination.
The Cu, Ni, Cd, Zn, and Al concentrations we report are similar to or lower than levels typically reported for oxic lakes (Sigg 1985; Sigg et al. 198 7) and comparable to oceanic ones (Bruland 1983; Hydes 1983; Measures and Edmond 1986a) .
Of the major and minor elements studied, only Ba displays any trend outside of analytical errors. The -10 nmol kg-l Ba concentration decrease with depth is unlikely to be an analytical artifact since the data were replicated, with the samples run in random order and on three separate occasions. The consistency between profiles would argue against a sampling artifact. Moreover, it is difficult to imagine one that would have affected only Ba and no other minor element. The ratio of Sr to Ba (-18) in the lake is almost a factor of two greater than the high end of the range observed for a wide variety of world rivers (0.5-10; M. Palmer and J. Edmond unpubl.), which suggests that the process redistributing Ba in the water column results in its net removal in the lake.
At stations 7 and 17, Ba concentrations decrease abruptly near the bottom. Light transmission also decreased sharply near the bottom at these sites. The concentration of particles in these bottom samples is estimated to be 100 pg kg-1 or roughly double ambient particle concentrations (W. Gardner pers. comm.). Mixing processes in Lake Baikal resulted in bottom waters at stations 7 and 17 having surfacelike fluorocarbon-12, silica, and O2 signatures at the time of sampling (Weiss et al. 199 1) . In contrast, the bottom sample for station 24 does not show diminished Ba concentrations, reduced light transmission, or surfacelike hydrographic properties. Station 24 was not located in the deepest part of the basin, so perhaps the newest and coldest bottom water (containing resuspended bottom sediments), observed to collect in the deepest part of the other basins, was not sampled. It remains to examine possible processes governing the observed Ba distributions.
In the oceans, barite (BaSO& is removed from surface waters in association with biological productivity (Dehairs et al. 1980 ). The exact mechanism for barite production in undersaturated seawater (Church and Wolgemuth 1972) is not well understood, although it occurs in microenvironments provided in aggregates of decaying organic matter and diatom tests (Bishop 1988) . It seems unlikely that such a process is responsible for the Ba distributions in Lake Baikal because the highest concentrations of Ba occur in the surface waters of the lake. One could hypothesize that the biological Ba removal rate seasonally overcomes the riverine flux to surface waters and that the sharp decreases in Ba in the bottom samples at stations 7 and 17 are remnant signatures of convected surface water that had been temporarily depleted of Ba. For surface-water Ba concentrations to be replenished between the time of removal and sampling would require seasonally elevated riverine Ba inputs. Hydrographic properties indicate a mixed layer of about 250 m for the lake (Weiss et al. 199 I) , however, equivalent 1.0 a volume of 5,750 km3 and thus a riverine renewal time of about 100 yr. Riverine Ba concentrations would have to vary at least 1 O-fold on a seasonal basis to restore mixedlayer Ba depletions-which seems highly unlikely since the other major cations do not do so (Votintsev 1985) . Furthermore, the elevated riverine inputs would have to be mixed nearly instantaneously throughout the lake mixed layer, which is unrealistic.
Alternatively, there are -several candidates for Ba removal at depth that could explain the water-column distributions.
Biological precipitation of barite by freshwater protozoa of the genus Loxodes has been documented in other lakes (Finlay et al. 1983; McGrath et al. 1989 ). Barite may be precipitated inorganically in sulfate-rich microenvironments provided by decaying organic matter at the sediment surface. It has also been suggested that Ba can be controlled in freshwater environments by adsorption onto Mn or Fe oxide surfaces (Sholkovitz and Copland 1982 ) that precipitate at the sediment-water interface in Lake Baikal (Leibovich-Granina 1987) . Resuspension of such phases at stations 7 and 17 might explain the low Ba concentrations in the bottom waters at these sites.
If the Ba distributions are at steady state, using a deep-water residence time of 8 yr (Weiss et al. 199 1) and a mean deep-water Ba depletion of 2% yields a Ba residence time with respect to removal in deep waters of -400 yr. This value is comparable to the residence time of water in the lake, implying that the flux of Ba to the sediments is about half of its riverine input. While it would seem that uptake of Ba at the sediments of Lake Baikal plays an important role in Ba cycling, it is not at all clear how any of the proposed removal mechanisms provide a net sink for Ba. In the case of barite production, diagenetic consumption of the low concentration of dissolved sulfate in pore waters would result in the dissolution of barite and the return of Ba to the water column. Likewise as Mn and Fe oxides are buried, they become reduced and release adsorbed elements. The existence of a significant cap of oxidized sediments could re-sult in retrapping of this dissolved Ba below the sediment-water interface, thus preventing its escape into the overlying water column. The question of what controls Ba in Lake Baikal will only be resolved through further study of its distributions and particulate fluxes along with sediment pore-water and solid phase fluxes.
